Maternal transmission of mitochondrial DNA (mtDNA) allows us to generate mtDNA congenic strain by repeating backcrosses of female mice to male mice of an inbred strain, which carries different mtDNA haplotype from that of the female progenitor. Since genetic backgrounds of inbred strains commonly used (e.g., C57BL/ 6J [B6] and BALB/c) are mainly derived from an European subspecies of Mus musculus domesticus, congenic strains, in which mtDNA originated from an Asian subspecies M. musculus musculus or an European species M. spretus, give in vivo condition that mismatch occurs between the mitochondrial and the nuclear genome. So far, little has been known how the mismatch condition affects the physiological phenotype of the mice. To address this question, we established two mtDNA congenic strains, C57BL/6J(B6)-mt SPR and BALB/c-mt SHH , which carry M. spretus-and M. m. musculus-derived mtDNAs, representing the conditions of interspecific and intersubspecific mitochondrial-nuclear genome mismatch, respectively. Using these congenic strains, we examined their physical performance by measuring their running time on a treadmill belt until exhaustion. The result clearly showed that the mtDNA congenic strains manifested a significant decrease in the level of physical performance, when compared with their progenitor strains. It also appeared that the congenic mice manifested growth rate. Thus, all results indicated that mismatch between the mitochondrial and the nuclear genome causes phenotypic changes in individuals of mice.
INTRODUCTION
The mitochondrial genome of mammals including mice is relatively small. It encodes the genes for 13 polypeptides involved in oxidative phosphorylation, and 22 tRNA and two rRNA genes, which function as machinery of mitochondrial protein synthesis (Bibb et al., 1981) . All of the genes are thought to be essential for survival, because they are unique in both the functions and their genomic localization, and thus are not compensated by any other genes. Mutations that occurred on mtDNA cause mitochondrial heritable diseases in humans (Luft et al., 1962; Wallece, 1992; DiMauro and Moraes, 1993) , and antigenic changes of the minor histocompatibility antigen, Mta (Maternally transmitted antigen) in mice and rats (Loveland et al., 1990; Fischer Lindahl, 1994; Dabhi and Fischer Lindahl, 1995) . Although the functions of mitochondrial genome requires coordination with the functions of nuclear genome, only studies on Mta have so far clarified the relationship between the responsible gene encoded by the mitochondrial genome and those by the nuclear genome.
The primary function of mitochondria is the production of energy by oxidative phosphorylation. The phospholylation is mediated by the respiratory complexes localized on the mitochondrial inner membrane. The complexes consist of the subunits encoded by the nuclear and the mitochondrial genome, and cooperation between the two genomes must have been acquired and maintained during the evolution of eukaryotes (Bibb et al., 1981; Grossman and Lomax, 1997; Walker, 1995) . Therefore, mutations that occurred on the genes responsible for the phospholylation either on the mitochondrial or the nuclear genome might cause some phenotypic changes in individuals, when the mutations break the cooperation between the two genomes. Up to date, no reports suggesting such phenomenom have been published.
Physical performance consumes a high amount of energy, consequently a functional decrease in the mitochondrial respiratory complex may reduce the levels of physical performance of individuals. Dionne et al. (1991) suggested that sequence variation in human mtDNA may be due to individual differences in VO2max. Seeherman et al. (1981) previously reported that physical performance measured by a treadmill running speed is linearly correlated to a VO2max increase. These studies suggest that physical performance is directly correlated to mtDNA differences through VO2max. Therefore, physical performance is a useful parameter to measure the levels of the mitochondrial functions.
One major problem in the study reported by Dionne et al. (1991) is that it is impossible to control their genetic backgrounds in human materials. Mouse is the best material in mammals to solve this problem, because many inbred strains are established and their genetic backgrounds are strictly controlled. The genetic backgrounds of the inbred strains commonly used (e.g., C57BL/6 and BALB/c) are mainly derived from M. musculus domesticus, an European subspecies of the house mouse, M. musculus (Yonekawa et al., 1980 (Yonekawa et al., , 1981 (Yonekawa et al., , 1982 Ferris et al., 1983; Bonhomme and Guenet, 1994) . Since mtDNA is maternally inherited (Kaneda et al., 1994; Shitara et al, in press ), any mtDNA can be introduced into any inbred strain without changing its nuclear genetic background by repeating backcrosses of female mice carrying mtDNA haplotypes of interest to male mice of the inbred strain. We have established two mtDNA-congenic strains, C57BL/6 (B6)-mt SPR and BALB/c-mt SHH . The former has mtDNA from M. spretus, an European species closely related to M. musculus, and the nuclear genetic background of the C57BL/6. The latter has mtDNA from an Asian subspecies M. musculus musculus and with the nuclear genetic background of strain BALB/c (Table 1) . These mtDNA-congenic mice are fully viable and have been used to study Mta (Loveland et al., 1990; Fischer Lindahl, 1994; Dabhi and Fischer Lindahl, 1995) and the selective elimination of sperm-derived mtDNA that causes the maternal inheritance of mtDNA (Kaneda et al., 1995; Shitara et al., in press) . In this study, we present that the level of physical performance, growth rate and other phenotypes are significantly changed in these congenic strains.
MATERIAL AND METHODS
Animals. The nomenclature of the mouse strains is based on the reports of Bonhomme and Guenet (1994) . C57BL/ 6J (B6) mice were purchased from Clea Japan and BALB/ cCr (BALB/c) mice were purchased from Slc Japan. The mtDNA-congenic strains, C57BL/6.mt SPR (B6-mt SPR ) and BALB/c-mt SHH , were bred at the Tokyo Metropolitan Institute of Medical Science as described previously (Kaneda et al., 1995) and maintained by brother-sister mating. The mice were housed in air-conditioned rooms (25 +/-1°C and 60 +/-10% humidity, with a lighting schedule of 12 h light from 20:00 to 08:00) and given a commercial diet (CE-2, Clea Japan, Tokyo).
Physical performance test.
To determine physical performance using a maximal exercise test (Hatta et al., 1994 , Lortie et al., 1984 , we measured the running time until exhaustion of males from the progenitor and the mtDNAcongenic strains at 10 and 15 weeks of age. The food was removed from the cage 5 h before the test. Each mouse was placed in a small chamber with a treadmill belt (Clea Japan, Tokyo), and the running speed was gradually increased, from an initial speed of 20 m/min, by 10 m/min every minute until the individual could not keep running on the moving belt. The performance test was done from 13:00 to 15:00 o'clock of the dark cycle at an ambient temperature of 23 +/-1°C.
Growth performance test.
We measured the change in body weight during the growth from 3 to 15 weeks of age and compared progenitor males to mtDNA-congenic males to determine the effect of the mitochondrial genome on growth rate and body size. At 12 weeks, the mice from the progenitor and the mtDNA-congenic strains were euthanized after weighing and the weight of the heart, liver, and abdominal (mesenterical, retroperitoneal, and epididymal) adipose tissue and tail length were recorded.
Cross and reciprocal cross test. B6 female or male mice were mated with B6-mt SPR males or females, respectively, and BALB/c male or female mice were mated with BALB/ c-mt SHH females or males. The body weight from 3 to 15 weeks of age and exercise performance at 15 weeks in the reciprocal F1 male progeny were tested in the same way as for the parent strains.
Statistical analysis. The data was shown as the mean +/-SE. The data for body weight, organ weight, and running time until exhaustion were statistically analyzed using the Student's t test.
RESULTS
To compare the physical performance between mtDNA congenic strains and their progenitor strains, we measured their running time on a treadmill belt until exhaustion. B6-mt SPR congenic mice at 10 weeks of age were exhausted by running for 264 +/-6 seconds, whereas the progenitor B6 mice at the same age endured running for 313 +/-6 seconds. This difference was confirmed to be significant by Student's t test (P < 0.001). Similar difference was observed at 15 weeks of age, although P value was lower than the former (Fig. 1a and Table 1 ). The same trend was observed in the BALB/c pairs; the mtDNA congenic strain was exhausted 30-40 seconds sooner (Fig. 1b and Table 1 ). Two possibilities were considered to cause this difference. Firstly, the interspecific or intersubspecific substitution of mtDNA is attributable to the difference, because both congenic strains have in vivo condition of the mitochondrial and the nuclear genome mismatch. Alternatively, new mutations on the nuclear genome affected the physical performance, because we have maintained these congenic strains by brother-sister mating for more than ten years.
To exclude the latter possibility, we produced F1 mice by two reciprocal crosses between the congenic and the progenitor mice. The progeny of (B6-mt SPR female × B6 male) F1 and (B6 female × B6-mt SPR male) F1 mice inherited spretus and domesticus (B6) mtDNA, respectively. This was confirmed by our PCR test (Kaneda et al., 1995 ; data not shown). On the other hand, the nuclear genome of both F1 mice must be identical to each other, because these mice were progeny between the same pairs of inbreqd strains. Using pairs of these F1 mice, we compared the level of their physical performance. The running time of the F1 mice with spretus mtDNA, (B6-mt SPR female × B6 male) F1, was significantly lower than that of the F1 mice with domesticus mtDNA (B6 female × B6-mt SPR male) F1. Similar result was observed in crosses between BALB/cmt SHH and BALB/c ( Fig. 1c and Table 1 ). These results demonstrated that mtDNA alone affected the level of physical performance.
As shown in Figure 1 and Table 1 , the physical performance was affected by age. Mice of younger age showed lower level of the physical performance than mice of higher age. We also observed the difference in body weight between the congenic and their progenitor strains at the age of 10 and 15 weeks. To confirm this, we compared growth rates between the congenic and the progenitor strains. The growth pattern of the mouse can be divided into four phases; 1) a post-embryonic development phase extending up to weaning at about 3 weeks, 2) the highest growth phase before sexual maturation extending from 3 to 7 weeks, 3) a phase of skeletal maturation extending from 7 to 20 weeks, and 4) a phase of full maturation from 26 to 52 weeks (Silbermann and Kedar, 1977) . The body weight of B6-mt SPR was significantly higher than that of B6 after sexual maturation (Fig. 2a) , whereas the body weight of BALB/cmt SHH was significantly lower than that of BALB/c after weaning (Fig. 2b) . Fig. 1 . Physical performance for male mice of congenic strain pairs with matched (progenitor strains) and mismatched mtDNA (mtDNA congenic strains) with the same genetic background. The mean of the distribution is indicated by the line near the middle of each distribution, with the SE indicated by the bars surrounding the means. The significant differences between the pairs marked by asterisks are as follows: * P < 0.05, ** P < 0.01, and *** P < 0.001 (Student's t test). a) B6 mice ( ) and B6-mt SPR mice ( ), which has the nuclear genome of B6 mice and the mitochondrial genome of M. spretus, at each 10 and 15 weeks of age. b) BALB/c mice ( ) and BALB/c-mt SHH mice ( ), which has the nuclear genome of BALB/ c mice and the mitochondrial genome of M. m. musculus, at each 10 and 15 weeks of age. c) F1 progeny of the B6 female mated with the B6-mt SPR male ( ) and the B6-mt SPR female mated with the B6 male ( ) at 15 weeks of age, and d) F1 progeny of the BALB/c female mated with the BALB/c-mt SHH male ( ) and the BALB/c-mt SHH female mated with the BALB/c male ( ) at 15 weeks of age. Body weight is mainly affected by abdominal fat and food intake. Therefore, we measured the weights of body, heart, liver, abdominal fat, tail length, and food intake of the congenic and progenitor strains at age of 12 weeks. As a result, significant difference was found in body weight and tail length, whereas no difference was found in food intake (Talbe 2).
DISCUSSION
We demonstrated that mtDNA congenic strains had a significant decrease in the level of the physical performance, when running time on a treadmill until exhaustion was measured. Unlike human study reported before (Seeherman et al., 1981; Dionne et al., 1991) , we could standardize the nuclear genetic background by using mtDNA congenic mouse strains. The only difference between the mtDNA congenic strains and their progenitor strains used as nuclear donor is their mtDNA. Since the mtDNA congenic strains that we used have been maintained by sister × brother mating for a long time, there was a possibility that some mutation(s) occurred during the maintenance and they affect their physical performance ( Fig. 1 and Table  1 ). To eliminate this possibility, we made F1 progeny by two reciprocal crosses between the mtDNA congenic strains and their progenitor strains. All progeny from the two reciprocal crosses was expected to share the identical genetic constitution. We also confirmed by PCR that paternal mtDNA did not exist in 2-cell stage embryos of the F1 progeny. Under these experimental conditions, the decreased level of physical performance was observed only in the mtDNA congenic strains. This demonstrates that difference in mtDNA alone did affect physical performance.
The decreased level of physical performance is possibly caused by the low efficiency in the function of mitochondrial respiratory complex(es). As mentioned before, physical performance uses a high amount of energy, and therefore a functional decrease in the mitochondria respiratory complex may directly reduce physical performance. For example, Mikami et al. (1989) reported that the mouse strain RR had lower activity of cytochrome c oxidase (complex IV) in fresh liver mitochondria than did, C57BL/6 or BALB/c mice, and that this lower activity was caused by mitochondrially-encoded factor(s) because the phenotype was inherited maternally. We previously reported that mtDNA of the RR mouse strain has a different RFLP from those of the 'old inbred strains' (M. m. domesticus) but similar to those of wild mice trapped in western China (M. m. musculus). This suggests that mtDNA of the subspecies, M. m. musculus, had been introduced into the progenitor of RR strain during its establishment as an inbred strain (Yonekawa et al., 1982; Mikami et al., 1989) . Mikami et al. (1989) also reported that the lower activity had been maintained during after 10th generations of repeating backcrosses of RR females to either C57BL/6 or BALB/c males. Although they only mentioned the strict maternal inheritance of the lower activity, their study suggests that the genetic background of the RR strain was replaced by that of C57BL/6 or BALB/c during the repeating backcrosses, but the mtDNA of the RR strain have retained. Finally, the mismatch between nuclear-and mitochondrially-encoded subunits in the respiratory complex has been acquired during the 10th-generation of backcrossing. These studies do not still exclude the involvement of maternally transmitted genetic factors other than mtDNA, it does suggest that the mismatch between the nuclear and mitochondrial genome caused the significant decrease in enzyme activity, and that one of the significant factors which results in decreases physical performance is the low activity of the enzyme complex in the mitochondrial respiratory chain, including cytochrome c oxidoreductase.
We used male mice exclusively in the present physical performance test, because the estrus cycle can affect physical performance (Anantharaman-Barr and Decombaz, 1989) and metabolism, in particular sugar metabolism (Jurkowski et al., 1981) . In the mouse strains that we used, the progenitor strains, C57BL/6J or BALB/c had distinct estrus cycles, whereas the mtDNA congenic mice did not have such distinct cycle but the cycle was random (data not shown).
In the present study, we observed that body weight and growth rate differed between the mtDNA congenic mice and their progenitors. The body weight of B6-mt SPR was significantly higher than that of B6 (Fig. 2a) , whereas the body weight of BALB/c-mt SHH was significantly lower than that of BALB/c (Fig. 2b) . The difference in the body weight between mtDNA congenic stains and their progenitor strains is caused neither by the accumulation of white abdominal fat nor by the food intake, because no significant differences were observed in the two factors (Table 2) . It is reasonable that individuals with higher body weight have higher level of physical performance. This may explain the results in BALB/c and BALB/c-mt SHH . However, in the case of B6 and B6-mt SPR mice, we found rather the inverse relationship of body weight to physical performance. One possible explanation is that difference in the genetic backgrounds between B6 and BALB/c may affect these Fig. 2 . Growth curves for male mice of congenic strain pairs with matched (standard strains) and mismatched mtDNA (mtDNA congenic strains) with the same genetic background. The body weights are shown as the mean +/-SE. for 10-15 mice, and the significant differences between the pairs marked by asterisks are as follows: * P < 0.05, ** P < 0.01, and *** P < 0.001 (Student's t test). a) normal B6 mice ( ) and B6-mt SPR mice ( ), which has the nuclear genome of B6 mice and the mitochondrial genome of M. spretus. b) normal BALB/c mice ( ) and BALB/c-mt SHH mice ( ), which has the nuclear genome of BALB/c mice and the mitochondrial genome of M. m. musculus. c) F1 progeny of the B6 female mated with the B6-mt SPR male ( )) and the B6-mt SPR female mated with the B6 male ( ). d) F1 progeny of the BALB/c female mated with the BALB/c-mt SHH male ( ) and the BALB/c-mt SHH female mated with the BALB/c male ( ). The means ± SE were determined at 12 weeks of age, except food intake. The differences between the congenic pairs are marked by upper case as follows; a P < 0.05, b P < 0.01, and c P < 0.001 (Student's t test). * Abdominal fat measured as the sum of mesentric, retroperitoneal, and epididymal tissue. † organ weight × 100/body weight. Consumption of standard mouse chow (CE2 Clea Japan) was measured over 5 days at 15 weeks of age; the mice were housed individually in stainless steel cages.
phenotypes. To solve this discrepancy, we are now producing other congenic strains, each of which has mtDNA from M. m. musculus or from M. spretus in the identical genetic background.
There are reports on the effect of cytoplasmically heritable factors on body weight and growth rate (Brown et al., 1989; Malik, 1984; Petters et al., 1988) . Specifically, Brown et al. (1989) examined the effect of cytoplasmic heritable factors on body weight up to 5 week of age, using three-way crossbreeding among 'old inbred' strains, A, BALB/c, and C57BL. They did not find any difference in body weight. Similar results were reported by Petters et al. (1988) using an out-bred strain ICR and its derived strain M16. Because the genetic background of the inbred strains that they used were mainly derived from M. m. domesticus, the sequence difference in the mtDNA among these inbred strains (intrasubspecific difference) is smaller than that among subspecies (intersubspecific difference) or the difference between M. musculus and M. spretus (interspecific difference) (Yonekawa et al., 1980 (Yonekawa et al., , 1981 (Yonekawa et al., , 1982 Ferris et al., 1983; Bonhomme and Guenet, 1994) . Considering these results and that the decreased level of physical performance observed in intersubspecific mtDNA congenic strain (BALB/c-mt SHH ) is less than that in an interspecific mtDNA congenic strain (C57BL/6-mt SPR ), the intrasubspecific difference might be too small to cause detectable phenotypic changes. It is also possible that in the previous studies by other groups the nuclear background of experimental mice was not standardized. In fact, three-way crossbreeding caused the progeny's nuclear genome to be random and the variation in nuclear background may have confounded their results.
We also found that the mtDNA congenic mice had differences in tail length, organ weight, random estrus cycle, and long pregnancy period (data not shown), when compared with their progenitors. At present, we cannot explain why these differences occurred. Many reports suggest that mitochondria affects apoptosis in cultured cells (Kroemer, 1997; Schapira, 1997) and the formation of a polar body in Drosophila (Kobayashi et al., 1993) . Considering these and our results, mitochondria might have significant but unknown biological functions other than energy generation.
